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Summary 
Three-dimensional (3D) chromatin structure is closely related to genome function, in 
particular transcription. However, the folding path of the chromatin fiber in the 
interphase nucleus is unknown. Here, we systematically measured the 3D physical 
distance between pairwise labeled genomic positions in gene-dense, highly transcribed 
domains and gene-poor less active areas on chromosomes 1 and 11 in G1 nuclei of 
human primary fibroblasts, using fluorescence in situ hybridization. Interpretation of 
our results and those published by others, based on polymer physics, shows that the 
folding of the chromatin fiber can be described as a polymer in a globular state (GS), 
maintained by intra-polymer attractive interactions that counteract self-avoidance 
forces. The GS polymer model is able to describe chromatin folding in as well the 
highly expressed domains as the lowly expressed ones, indicating that they differ in 
Kuhn length and chromatin compaction. Each type of genomic domain constitutes an 
ensemble of relatively compact globular folding states, resulting in a considerable cell-
to-cell variation between otherwise identical cells. We present evidence for different 
polymer folding regimes of the chromatin fiber on the length scale of a few mega base 
pairs and on that of complete chromosome arms (several tens of Mb). Our results 
present a novel view on the folding of the chromatin fiber in interphase and open the 
possibility to explore the nature of the intra-chromatin fiber interactions. 
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Introduction 
 
The chromatin fiber inside the interphase nucleus of higher eukaryotic cells is folded in 
a hierarchical manner. The basic filament is formed by wrapping DNA around a histone 
protein octamer, forming a nucleosomal unit every 180 to 250 bp, the precise number 
depending on the length of the linker DNA (1, 2). The next folding level is an about 30 
nm diameter fiber in which the nucleosomes are probably arranged in a zigzag manner 
(2, 3). Remarkably little is known about higher order levels of chromatin folding (4). 
Various studies have presented evidence that chromatin is organized in loops, which 
may be attached via scaffold/matrix-attachment regions (S/MARs) at their bases to a 
still elusive structure that is called nuclear scaffold/matrix (5-7). Recent investigations 
indicate that chromatin loops are dynamic, relate to gene activity (8), and involve 
specific proteins, including the nuclear matrix protein SatB1 (9, 10) and the insulator 
binding protein CTCF (11, 12). Other studies link chromatin loops to the formation of 
transcription factories in which genes from different positions on a chromosome and 
possibly from different chromosomes come together (11, 13-16). In addition, there is 
considerable evidence by light microscopy that large genomic loci (typically several 
Mb) constitute subchromosomal loop domains that may extend away from chromosome 
territories after activation (17-19). Transcriptional activation has been shown to result in 
chromatin decondensation, which can be visualized by light microscopy. Examples in 
mammalian cells of decondensation and looping are the MHC locus (17) and the HoxB 
and D gene cluster (19-21). Many more gene clusters probably exist that behave in 
similar ways (18, 22). Together, these studies indicate that there is a tight correlation 
between folding of the chromatin fiber and its transcriptional activity. 
 
Despite this relationship, our understanding of how the chromatin fiber is spatially 
organized is remarkably limited. Imaging techniques do not allow one to follow the 
folding path of the filament in the interphase nucleus (4, 23). Therefore, indirect 
approaches are being used to obtain information about 3D chromatin structure. Several 
groups have employed fluorescence in situ hybridization (FISH) to analyze chromatin 
folding by establishing the relationship between the physical distance R (in μm) 
between genomic sequence elements in interphase and the genomic distance g (in Mb). 
Polymer physics can be used to extract information about the folding of the chromatin 
fiber inside the interphase nucleus (24-26). Doing so, experimental results have been 
interpreted in various ways, including random walk (RW) polymer model (27, 28), large 
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(2 to 3 Mb) loops attached to a randomly folded backbone (random walk giant loop 
folding) (25, 27), and the related organization in about one Mb-size rosette-like 
structures, containing 120 kb loops, linked by a short flexible part of the chromatin fiber 
(multi-loop subcompartment folding) (29).  
 
Here, we use a similar approach by establishing the precise relationship between 
physical and genomic distances to obtain quantitative information about chromatin 
folding of non-repetitive domains in the human genome. In this study we analyzed two 
types of genomic areas: (i) gene-dense and transcriptionally highly active domains and 
(ii) domains that are gene-sparse and lowly expressed. Such domains are defined in the 
human transcriptome map (30, 31). Recently, Goetze et al. (32) have shown that such 
domains, named ridges (regions of increased gene expression) and anti-ridges 
respectively, differ in compaction of the chromatin fiber, in shape, and in position inside 
the nucleus. Here, we extend these studies by analyzing the 3D folding path of the 
chromatin fiber in ridges and anti-ridges, thereby directly relating chromatin folding 
with genome function. Using FISH under conditions that optimally preserve nuclear 
structure in combination with 3D imaging and image analysis, we compare 3 to 12 Mb 
genomic domains located on the q-arm of chromosomes 1 and 11, which are either rich 
in highly active genes, or genes-sparse and transcribed at low levels. Also, we 
investigated more extended genomic stretches (30 to 75 Mb) spanning most of the q-
arms of chromosomes 1 and 11. Interpretation of our data in terms of polymer physics 
imposes stringent limits to models that describe the folding of the chromatin fiber. We 
show that the RW folding model for chromatin cannot describe the results of the in situ 
measurements satisfactorily, in contrast to what has been concluded by others. Rather, 
the chromatin fiber appears to exist in an ensemble of related relatively compact 
globular states (GS) that are maintained by the interplay between self-avoiding forces 
and intra-chain interactions, related to loop formation. Chromatin of gene-rich and of 
gene-poor domains differs in the degree of compaction. Moreover, we present evidence 
for two different chromatin folding regimes, one at the length scale of subchromosomal 
domains, i.e. a few Mb, the other at the length scale of many tens of Mb, i.e. the level of 
complete chromosome arms. 
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Results 
 
Experimental approach 
The aim of this study was to analyze and compare the folding of the chromatin fiber in 
two functionally different types of chromatin domains in the human genome, i.e. gene-
rich domains that show a high gene expression (ridges) and gene-poor areas that are 
transcribed at a low level (anti-ridges) (30, 31). The human transcriptome map shows 
that our genome contains several tens of such gene-dense and gene-poor areas of 3 to 15 
Mb on various chromosomes (30, 31). Using FISH under structure-preserving 
conditions in combination with automated 3D image acquisition and 3D image analysis, 
we set out to establish the quantitative relationship between the physical distance R and 
the genomic distance g within ridges and anti-ridges on the q-arms of chromosomes 1 
and 11. Ridges and anti-ridges on these chromosomes are particularly pronounced. To 
analyze chromatin folding, 60 bacterial artificial chromosomes (BACs, about 165 kb per 
BAC) were selected that recognize approximately equally spaced sequences, together 
spanning a large part of the q-arm of chromosome 1 and about the complete q-arm of 11 
(see supporting information (SI) Table 1). For each 3D distance measurement at least 50 
nuclei were imaged and quantitatively evaluated, resulting in practice in over 80 
measurements per distance measurement between a pair of BAC probes. The 
relationship between R and g was analyzed in human primary fibroblasts exclusively in 
the G1 cell cycle phase to reduce cell cycle effects on chromatin folding. Fig. 1A shows 
the 1q and 11q areas of the human transcriptome map that have been analyzed. The 
beginning of the arrow above the map indicates the position of the reference FISH 
probe, whereas the arrow head marks the location of the FISH probe that has the largest 
genomic distance to the reference probe. All distances have been determined with 
respect to the reference probe. Green arrows and green data points refer to ridges, red 
ones to anti-ridges. Black arrows indicate long distance measurements beyond ridge and 
anti-ridge domains. Distances were measured in 3D space between the centers of 
gravity of the 3D FISH signals of the individual BAC probes. All experiments were 
carried out on normal primary human fibroblasts in the G1 phase of the cell cycle. 
 
Distance measurements in ridge and anti-ridge domains 
Fig. 1B shows distance plots (R vs. g) of the 3 Mb ridge and anti-ridge domains on 
chromosome 1q and the 10 -12 Mb ridge and anti-ridge domains on chromosome 11q. 
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Above a few Mb genomic distance the increase in average 3D physical distance levels 
off. Average R values for anti-ridges are lower than found for ridges, reflecting the 
different degrees of compaction of these domains (32). A strikingly large cell-to-cell 
variation is observed for all distance measurements. This is not due to errors in 3D 
measurements, which are better than 50 nm (see Materials and Methods). Also 
differences between cells due to different cell cycle stages are unlikely, because all 
analyzed nuclei were in G1. Apparently, cell-to-cell variation is an intrinsic property of 
chromatin folding, indicating that, rather than folding in a unique 3D configuration 
chromatin folding constitutes a conformational ensemble. 
 
Distance measurements beyond ridge and anti-ridge domains 
Distance plots covering a large part of the q-arm of chromosome 1 (27 Mb) and 
essentially the complete q-arm of chromosome 11 (75 Mb) are shown in Fig. 1C. 
Remarkably, the physical distance R levels off at genomic distances beyond 5 to 10 Mb 
and does not increases significantly at distances up to 75 Mb. These results suggest that 
the chromatin fiber of the 1q and 11q chromosome arms is confined to a limited 
volume. The leveling off of distances is in the μm range, similar to the size of 
chromosome territories, suggesting that this phenomenon is related to the confined 
space that chromosomes occupy in interphase nuclei (33).  
 
Polymer models of chromatin folding of ridges and anti-ridges 
If it is assumed that the chromatin fiber can be modeled as a polymer, then such model 
would predict the relationship between the average mean square spatial distance <R2> 
between two markers along the fiber and the polymer contour length, i.e. the effective 
genomic length Nm of the chromatin fiber. Nm is related to the genomic distance g by 
the Kuhn segment length b (g = bNm). The Kuhn length is connected to the persistence 
length P by P = b/2. The average mean square spatial distance <R2> is used because the 
polymer forms an ensemble of conformations in space over which the model averages. 
Whatever polymer model is chosen, one can expand the dependence of the spatial 
distance R on the contour length in terms of a non-trivial power series in the contour 
length. 
 
<R2>= b2 Nm2ν ( 1 + a1Nmb1-2ν + a2Nmb2-2ν + ... )         (1)  
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Here b is the Kuhn length, the parameters ai are the coefficients of the expansion and bi 
the fractional exponents in the expansion. The value of the exponent ν differs for 
different polymer models. Three basic polymer models are relevant for modeling the 
chromatin fiber. Each polymer model is characterized by a specific value of the 
exponent ν. 
(i)  random walk (RW) model: ν = 0.5 
(ii)  self-avoiding walk (SAW) model: ν = 0.588 
(ii)  globular state (GS) model: ν = 1/3 
The RW model ignores the excluded volume of the polymer and assumes that there are 
no intra-chain attractive forces. In this case the values ai are all zero. The SAW model 
takes the excluded volume into account and the expansion asymptotically converges to 
b2Nm2ν for large values of Nm. The GS model assumes intra-polymer attractive 
interactions that counteract self-avoidance forces, resulting in a collapsed globular state 
of the polymer if the attractive interactions dominate (34). Here too the expansion 
asymptotically converges to b2Nm2ν at large Nm. While for the three models (RW, SAW 
and GS) the ai values are all zero for large Nm, the above expansion (Eq. 1) takes into 
account deviations of the leading order behavior, due to for example loop formation.  
 
To conduct a highly sensitive comparison between these three polymer models we 
divided out the leading order term Nm2ν of Eq. 1 and analyzed the ratio <R2>/Nm2ν as a 
function of the contour length Nm for the experimental data set shown in Fig. 1B. 
Figures 2A-C show the result for the three different ν values: ν=0.5 (RW), 0.588 
(SAW) and 1/3 (GS) for the data sets of the ridge and anti-ridge of chromosome arm 1q. 
Each of the three models predicts that the ratio <R2>/Nm2ν is independent of the 
genomic distance. Fig. 2 shows that this condition is only fulfilled if the experimental 
data is interpreted in terms of the GS model, i.e. for ν = 1/3. For other values of 
ν, typical for the RW and SAW models, this is not the case. Evidently, the folding of 
the chromatin fiber can best be described with the GS model, making the RW and SAW 
polymer models less likely. The GS polymer model fits the ridge and the anti-ridge data 
sets equally well, indicating a GS folding for both, the only difference being the 
polymer parameters.  
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Yokota et al. (27) have carried out similar FISH-based distance measurements on a 
telomeric segment of chromosome 4 of cultured human fibroblasts, which can be 
identified as a ridge according to the HTM. We have incorporated their data set in our 
analyses in Figs. 2A-C. Note that Yokota et al. (27) carried out distance measurements 
in 2D, rather than 3D. For the analyses in Fig. 2 this results in a difference in scaling 
compared to our 3D data set. Fig. 2A-C shows that also the results of Yokota et al. (27) 
can be described best by a GS polymer model, rather than the RW model that was by 
themselves.  
 
Analyzing the long distance measurements of Fig.1C in terms of the GS polymer model, 
suggests that different folding regimes exist for different genomic length scales. In Fig. 
2D this is seen by the initial high value for <R2>/Nm2ν, reflecting the more open 
globular state of the local ridge-type of chromatin folding near the reference point in the 
distance measurements (up to a few Mb). At longer distances, i.e. above about 20 Mb, 
chromatin seems to fold in a more compact globular state, shown by the lower value of 
<R2>/Nm2ν. This is conceptually similar to the two-level random walk/giant loop folding 
model of Sachs et al. (25), although they interpreted their results in terms of a RW 
polymer model rather than a GS model.
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Discussion 
 
We have compared the folding of the chromatin fiber of two gene-rich and highly 
expressed genomic areas with that of two lowly expressed and gene-poor domains on 
the q-arms of chromosomes 1 and 11 in primary human fibroblasts. These genomic 
domains, named ridges and anti-ridges respectively, were selected from the human 
transcriptome map (30, 31). Using semi-high throughput FISH on structurally preserved 
cells, in combination with 3D image analysis, we established the relationship between 
the physical distance R and the genomic distance g of the chromatin fiber. Results in 
Fig. 1 show that chromatin folding in ridges is significantly different from that in anti-
ridges, reflecting the different functional states of the domains. Our measurements show 
that the 3D distance between pairs of FISH probes increases only up to a genomic 
distance of a few Mb. At this genomic scale our results qualitatively agree with earlier 
studies (24, 25, 27, 35). At larger genomic distances the physical distance does not 
depend much on genomic length. This leveling off occurs at larger distances for ridges 
than for anti-ridges (Fig. 1B), which is consistent with previous measurements showing 
that anti-ridges are about 30% more compact (smaller volume per Mb) and have a more 
spherical shape than ridges (32). Leveling off observed at large distances around 2 μm 
(Fig. 1C) is probably related to the confinement of interphase chromosomes in 
chromosome territories (33). 
 
The basic polymer models that we explore in this study are described by two main 
parameters, i.e. the number of base pairs k that equals one chain segment and the chain 
physical segment length l, both describing the Kuhn length (which is two times the 
persistence length). Fitting these parameters to the GS model yields values for the ratio 
l2/k2ν, which has the dimension nm2/bp2/3. Bystricky et al. (36) have estimated the 
persistence length of the chromatin fiber of budding yeast: 197 +/- 62nm (Kuhn length 
394 +/- 124 nm). As a first approximation, one may assume that human chromatin of 
ridges and of anti-ridges has a similar Kuhn length as found for yeast. If so, one can 
calculate from the results in Fig. 2C that the corresponding genomic length is about 24 
kb for ridges and 380 kb for anti-ridges, leading to the conclusion that the chromatin 
compaction rate in the order of 0.1 and 1 Mb/μm, respectively. This suggests that the 
average chromatin-packing ratio in anti-ridges is one order of magnitude higher than 
that of ridges. However, these values have to be treated with caution, because we do not 
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have independent measurements of the Kuhn length of chromatin in ridges and anti-
ridges.  
 
Yokota et al. (37) have compared chromatin structure of R and G band chromatin of 
several chromosomes in human fibroblasts, using a similar approach. They interpreted 
their results in terms of a random walk polymer model, the G-band being somewhat 
more compact than the R-band. Although there is some correlation between the Giemsa 
banding pattern and ridges and anti-ridges in the human transcriptome map  (SI Table 
2), this relationship is limited (Fig. 1 A). For instance, the regions of chromosome 1 
studied here are pronounced examples of a ridge and an anti-ridge. Nevertheless, they 
are both part of a G-band. Obviously, the human transcriptome map is a better 
representation of local genome activity than the Giemsa banding pattern.  
 
Recently, the Bickmore group has biochemically fractionated chromatin fragments on 
the basis of differences in compactness (38). Fractions enriched in open chromatin 
correlate well with ridges in the HTM. Using a similar approach as used by us, they 
showed that the ridge on distal 11p15.5 indeed is relatively decondensed, in agreement 
with our findings. 
 
Our results differ from those of others that concluded that chromatin behaves as a 
random-walk polymer at distances up to several Mb (25, 27, 29). Results from longer 
distance measurements have been taken as evidence for the existence of rosette-like 
chromatin domains, consisting of multiple chromatin loops, which are interconnected 
by stretches of flexible chromatin fibre (27, 29). Our analysis in terms of polymer 
physics is highly sensitive in comparing the experimental data sets with predictions of 
the three basic polymer models: the random walk (RW) model, the self-avoiding walk 
(SAW) model, and the globular state (GS) model. We show that only the GS polymer 
correctly predicts that for ridges and anti-ridges the measured ratio <R2>/Nm2ν is 
independent of the contour length, i.e. the genomic distance (Figs. 2A-C). Our results 
also differ from those of others that observe a monotonous increase of R over genomic 
distances up to 180 Mb and interpret results as evidence for a RW polymer model (25, 
27, 28, 35). Reasons for such a discrepancy might be differences in sample preparation. 
Most of the earlier experiments include repeated freeze-thawing and acid-methanol 
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fixation steps, which may not sufficiently preserve 3D chromatin structure. Also, these 
studies measure distances in 2D projection rather than in 3D.   
 
In the course of our study we observed a cell-to-cell variation of measured distances R 
in the order of a micrometer (Figs. 1B, C). This variation appears to be an intrinsic 
property of interphase chromatin folding. Cell cycle effects can largely be ruled out, 
since all measurements have been made in G1 fibroblasts. Also, we show that the 
accuracy of measuring 3D distances is better than 50 nm and therefore measuring errors 
can be excluded as a main cause of cell-to-cell variation. The measured variation may in 
part reflect local constrained diffusion of the chromatin fiber, which is in the submicron 
range and has been observed in budding yeast (39, 40) and in mammalian cells (41-43). 
Evidently, the chromatin fiber of a ridge or an anti-ridge does not follow one unique 3D 
path. Rather, an ensemble of different chromatin fiber conformations exists in otherwise 
identical cells, each conformation being compatible with proper cell function under the 
given experimental conditions. Our measurements show that the folding ensembles of 
ridges and of anti-ridges are significantly different, most likely reflecting their different 
functional states.  
 
The GS polymer model for ridge and anti-ridge chromatin folding suggests that intra-
chromatin fiber crosslinks exist. These may be related to loop formation, including for 
instance the formation of transcription factories (11, 13-16) and/or binding to a putative 
nuclear scaffold (5, 6, 25). This is true for ridge and anti-ridge chromatin, which has 
been analyzed in this study, as well as for the data of Yokota et al. (27). Analysis of the 
long distance data sets in Fig. 1C and by Yokota et al. (27) in terms of the GS polymer 
model (Fig. 2D) suggests a two-level chromatin folding regime. At short distances (up 
to a few Mb) the local folding state predominates, i.e. the local folding state of ridges or 
anti-ridges. At long distances, a folding regime prevails, irrespective of gene density or 
transcriptional activity. This folding state is typified by <R2>/Nm2ν values similar to 
those of what is observed for short distances in anti-ridges. For ridges that implies that 
at short genomic distances (few Mb) the value of <R2>/Nm2ν in Fig. 2D is the same as 
observed for ridges in Fig. 2C. Above about 20 Mb the value of the leading order drops 
to a lower value, comparable to what is found for anti-ridges (Fig 2C). Obviously 
different folding regimes exist for the chromatin fiber at different length scales.  
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Summarizing, our analysis of chromatin folding in human primary fibroblasts in G1 
interphase shows that the folding path can best be described in terms of a globular state 
(GS) polymer model, i.e. a polymer that is spatially constrained by intra-fiber 
interactions that counteract self-avoiding repulsive forces. The GS model describes our 
data and those of the Trask group (27) considerably better than the RW model and the 
SAW model. This has important consequences for our thinking about chromatin folding 
in interphase. The GS model predicts that a considerable number of intra-chain 
interactions exist. We can only speculate about the molecular nature and the number of 
these interactions. They may be related to, for instance, enhancer looping (12), 
transcription factories (6) and S/MAR binding proteins, such as SatB1, which is 
implicated in chromatin loop formation (7, 9). The GS model applies equally well to the 
gene-dense and highly expressed ridges and the gene-sparse lowly expressed anti-ridge 
domains, differing quantitatively in the chromatin packing ratio. It would be of interest 
to extract better information about typical length scales over which the chromatin fiber 
can be regarded as stiff, i.e. the persistence length or the Kuhn length. For this, 
measurements are needed on length scales where the fiber can be considered as a stiff 
rod, as has been done in yeast (36). Also, to further specify polymer models of human 
interphase chromatin, a more detailed statistical analysis is of importance. Especially 
the distance distributions and higher-order moments of the measured data may give 
important hints. For such statistical analysis, however, 10 to 100 times more data points 
per distance measurements are required. The quantitative analysis of chromatin folding 
in the context of polymer models as presented here in combination with the 
manipulation of chromatin proteins, epigenetic state and gene activity, i.e. components 
that are likely to affect model parameters, will allow a systematic analysis of the 
contribution of each of these features to chromatin structure. Exploiting polymer models 
therefore provides a promising route towards understanding the molecular basis of 
chromatin folding.  
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Materials and Methods 
 
Cell culture and fluorescence in situ hybridization 
Human primary female fibroblasts (04-147) were cultured in DMEM containing 10% 
fetal calf serum, 20 mM glutamine, 60 μg/ml penicillin and 100 μg/ml streptomycin. 
Primary fibroblasts were used up to passage 25 to avoid effects related to senescence. 
 
BACs were selected from the BAC-clones available in the RP11-collection at the 
Sanger Institute (SI Table 1). All BACs were end-sequenced to confirm their identity. 
Genomic distances were defined as the distance between de centers of the BACs. BAC 
DNA was isolated using the Qiagen REAL prep 96 kit (Qiagen, Venlo, The 
Netherlands) and DOP-PCR amplified. Nick-translation was used to label the probes, 
either with digoxigenin or biotin (Roche Molecular Biochemicals, Basel, Switzerland). 
FISH was carried out as described elsewhere with slight modifications (32).  In short, 
cells in interphase were incubated with a 30 min pulse of 25 μM BrdU (Sigma-Aldrich, 
MO, USA) to label replicating DNA prior to fixation in 4% (w/v) paraformaldehyde, in 
order to detect S-phase cells. Denaturation was carried out at 78°C for 2 min in 2x SSC, 
containing 50% formamide. Hybridization was allowed to proceed overnight at 37°C. 
Post-hybridization washes were performed with 2x SSC/ 50% formamide at 45°C. All 
incubations for probe detection were carried out at room temperature in 4x SSC, 
containing 5% (w/v) non-fat dried milk. FITC-conjugated antibodies (Jackson 
Immunoresearch Laboratories, Inc., West Grove, PA, USA) and Cy3-conjugated 
streptavidin (Vecta Laboratories, Burlingame, CA, USA) were used to visualize the 
signals. BrdU was visualized using a primary anti-BrdU antibody from Roche (Roche 
Molecular Biochemicals, Basel, Switzerland). Slides were mounted in Vectashield 
(Vecta) containing 1 µg/ml DAPI (Vector Laboratories, Burlingame, CA, USA). 
 
Confocal laser-scanning microscopy 
For each experiment over 50 nuclei were imaged. Twelve-bit 3D images were recorded 
in multi-track mode to avoid crosstalk. We used an LSM 510 confocal laser-scanning 
microscope (Carl Zeiss, Göttingen, Germany) equipped with a 63x/1.4 NA Apochromat 
objective, using an Ar-ion laser at 364 nm, an Ar laser at 488 nm and a He/Ne laser at 
543 nm to excite DAPI, FITC and Cy3, respectively. Fluorescence was detected with 
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the following bandpass filters: 385–470-nm (DAPI), 505–530-nm (FITC) and 560-615 
(Cy3). Images were scanned with a voxel size of 50x50x100 nm.  
 
Image processing and data evaluation 
Automated image analysis was carried out on raw data sets with the ARGOS software 
(44) to identify nuclear sites labeled by BACs and to compute their 3D position in the 
nucleus. Chromatic aberration was measured via Tetraspeck Microspheres (Molecular 
Probes, Eugene, OR, USA) and corrected for in the analysis. After background 
subtraction, images were treated with a bandpass filter to remove noise. Subsequently, 
images were segmented and ensembles of interconnected voxels were regarded as the 
site labeled by a BAC. The centre of mass was calculated for each labeled site at 
subvoxel resolution and 3D distances between BACS was measured. To estimate our 
systematic measuring error we hybridized cells with a mixture of the same BAC marked 
with two different fluorophores and measured the distances between the two signals 
(data not shown). Measurements resulted in an accuracy better than 50 nm in all three 
dimensions: x = 7 ±9 nm; y = 40 ±11 nm; z =22 ±12 nm.  
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Figure legends 
 
Figure 1 
Fig. 1. Distance measurements on the basis of the Human Transcriptome Map (HTM). 
A. Plots of the HTM showing the ridges and anti-ridges investigated on chromosomes 1 
and 11. Every vertical line represents one gene and shows its median transcription over 
a window of 49 genes.Ridges are indicated by green boxes, anti-ridges by red ones. On 
the x-axis of the HTM, the giemsa metaphase banding pattern is indicated. (G bands in 
black, R bands in white). The arrows in the figure designate the regions where spatial 
distances between BAC probes were measured. The tail of each arrow indicates the 
position of the reference BAC, which was kept constant for a series of measurements. 
Loci at increasing genomic distances were selected in the direction of the arrowhead.. 
B. Plots showing average 3D physical distance (<R>) vs. genomic distance (g). Data 
points in green and red respectively correspond to the ridges and anti-ridges marked on 
chromosomes 1 and 11 in A. Error bars represent standard deviation. C. Plots showing 
average 3D physical distance vs. genomic distance for large genomic distances 
irrespective of transcriptional domain activity. Measurments were taken corresponding 
to the black arrows shown in figure 1A. Error bars represent standard deviation. 
 
Figure 2 
Fig. 2. Polymer models of chromatin folding. 
The graphics show the expermimental data of figure 1 and  those published by Yokota 
et al. (27) calculated with the random walk (RW), the  self-avoiding walk (SAW) and  
the globular state (GS) polymer model. A-C. Plots showing < R2> / Nm2ν values against 
the genomic distance for the RW model (ν = 0.5) (A), the SAW model  (ν = 0.588) (B) 
and the GS model (ν = 1/3) (C). Green and red squares indicate the experimental values 
for the ridge and the anti-ridge of chromosome 1. Error bars represent the standard 
error. Blue pentagons represent 2D distance measurement values carried out by Yokota 
et al. (27) on a telomeric region (4p16.3) of chromosome 4. The linear regression lines 
in figures A-C illustrate the trend of the measured data sets assuming different polymer 
models. This regression line is horizontal only for the globular state model. D. Plots 
showing < R2> / Nm2ν vs. genomic distance values interpreted via the GS model (ν = 
1/3) for all aquired data sets. Green squares and triangles show the experimental values 
for the ridges on chromosomes 1 and 11, red squares and triangles code for the data 
 19
measured for the anti-ridges of chromosomes 1 and 11. Black empty and filled circles 
represent long distance measurements on chromosomes 1 and 11. Error bars represent 
standard error. Blue rhombuses represent 2D measurements by Yokota et al. (27) along 
chromosome 4. 
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